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We used a spleen necrosis virus-based retroviral vector to introduce the polyomavirus replication origin into rat cells and 
developed a system to analyze homologous recombination events that do not reconstitute a selectable marker. Introduction of 
the gene coding for the polyomavirus large T antigen into the cell Dines by DNA transfection promoted high-frequency 
recombination between the two retroviral LTRs, leading to amplification and excision of DNA sequences. To analyze homology 
requirements, we constructed cell lines carrying only the replicatio.n origin without exogenous repeats. Most of the cell 
lines sustained high-frequency recombination, presumably by undergoing homologous recombination between repetitive 
DNA lying in the vicinity of the integrated origin. Our results indicate that homologous recombination promoted by large T 
antigen does not require recombination hot spots in the viral genome other than the replication origin and they explain the 
cytotoxicity observed in some cell types when large T antigen is expressed in the presence of a functional origin. © 1995 
Academic Press, Inc. 
INTRODUCTION 
Genetic rearrangements are commonly observed in 
somatic cells where they can profoundly alter the pattern 
of gene expression. For example, gene amplification is 
a frequently used mechanism by which cells can fulfill a 
need for increased gene expression (reviewed by 
Schimke, 1984) and become resistant to a wide variety 
0f cytotoxic drugs. It is also one of the mechanisms lead- 
ing to the generation and/or progression of cancer in 
humans (Pall, 1981; Varshavski, 1981). The mechanism 
of gene amplification is not completely understood but 
it is generally assumed that amplification of a local region 
is accomplished by multiple initiations within a single 
replicon (e.g., Botchan et aL, 1978; Spradling, 1981). 
The analysis of gene amplification has been ap- 
proached in several laboratories by studying the re- 
arrangements that the papovavirus genomes can sustain 
following integration into the host chromosomes. Cells 
transformed by polyomavirus or SV40 can undergo high 
rates of amplification and excision of the integrated viral 
genome (Botchan et al., 1978; Miller et al., 1984; Pelle- 
grini et al., 1984). Both phenomena require a functional 
large T antigen (T-Ag), the viral replication origin, and 
some homology within the integrated sequences 
(B0tchan et aL, 1978; Miller et al., 1984; Colantuoni et al., 
1982}. 
in previous studies, this laboratory described high-fre- 
quency recombination between homologous segments 
of viral DNA that did not require the replicative function 
~To whom correspondence and reprint requests should be ad- 
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of large T-Ag (St-Onge and Bastin, 1993; St-Onge et al., 
1993). These studies relied on the use of mutant copies of 
the polyomavirus middle T gene to detect recombination 
events that restored middle T used as a selectable 
marker. If recombination did indeed occur at high rates, 
it should be possible to detect it in the absence of any 
selection. We therefore developed a system to analyze 
recombination events that do not reconstitute a se- 
lectable marker. We used a spleen necrosis virus (SNV)- 
based retroviral vector to introduce the polyomavirus rep- 
lication origin into rat cells and showed that large T- 
Ag promoted high-frequency recombination between the 
two retroviral LTRs. To further analyze the requirements 
for tandem insertions of viral DNA, we constructed cell 
lines carrying only the replication origin without any viral 
or LTR repeats. Here again, most of the cell lines sus- 
tained high-frequency recombination, presumably by un- 
dergoing homologous recombination between repetitive 
DNA lying in the vicinity of the integrated origin. 
MATERIALS AND METHODS 
Recombinat ion  subst ra te  
As recombination substrate, we used a provirus, stably 
integrated into the chromosomal DNA of rat embryo fibro- 
blasts (FR3T3). The retrovirus sequences were derived 
from SNV with splice acceptor sequences from reticu- 
Ioendotheliosis virus (strain A) (Dougherty and Temin, 
1986). The splicing vector, pHygro (Fig. 1C), was con- 
structed from pJD216 in two steps. The Smal site in the 
polylinker sequence (Fig. 1A) was converted into an 
EcoRI site, and the neo gene was replaced by hygro from 
pJD216NeoHy by exchanging Hindll I -Cla l  fragments. To 
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FIG. 1. SNV-based vector constructs. (A) Structure of pJD216. The 
right-side LTR is ligated to position 2066 of pBR322 and the left-side 
LTR is ligated to position 4361. Details on the splice donnor, polylinker 
sequences, and sequences required in cis for viral replication are 
provided by Dougherty and Temin (1986). (B) 504-bp AccI-Ddel frag- 
ment containing the polyomavirus replication origin (nucleotides 4973 
to 185), blunt-end ligated to EcoRI linkers. (C) pHygro. The Smal site 
in the polylinker sequence was converted into an EcoRI site. (D) pOri- 
hygro. The origin fragment was inserted into the EcoRI site of pHygro. 
Abbreviations= C, Clal; H, Hindlll; K, Kpnl; S, Smal; sa, splice acceptor. 
construct pOri-hygro (Fig. 1D), a 504-base pair (bp)Accl- 
Ddel fragment, containing the replication origin (nucleo- 
tides 4973 to 185), was isolated from polyomavirus DNA, 
blunt-end ligated to EcoRI linkers, and cloned into the 
EcoRI site of pHygro. 
Virus 
The vectors were introduced by DNA transfection into 
D17.2G, a dog helper cell line which supplies trans-func- 
tions for the packaging of defective retrovirus (Watanabe 
and Temin, 1983). Selection for hygromycin resistance 
was done in the presence of 70 #g of hygromycin (Eli 
Lily & Co.) per milliliter. Virus harvested from cultures 
of hygromycin-resistant D17.2G cells was used to infect 
FR3T3 cells. 
Cells and cultures 
Cells were grown at 37 ° in Dulbecco's modified Eagle's 
medium supplemented with 10% fetal calf serum. To ex- 
press the polyomavirus large T-Ag, the cells were 
transfected with plasmids of the pneo series (e.g., pneo- 
LT1) and G418 selection was carried out as described 
previously (Bouchard et al., 1986). Details on the con- 
struction of pneo-LT1 have been described (Asselin et 
aL, 1986). 
Analysis of integrated sequences 
The arrangement of viral sequences within the cellular 
DNA was analyzed by Southern blotting (Southern, 1975). 
The DNA was digested by restriction endonucleases and 
fractionated by agarose gel electrophoresis. The frag- 
ments were transferred onto nylon membranes and hy- 
bridized to a 32P-labeled probe. The DNA was labeled by 
random priming to a specific activity of about 108 cpm/ 
#g DNA. 
Recombination rates 
We previously developed a theoretical model to evalu- 
ate recombination rates from Southern blots (Bastin et 
aL, 1992). The procedure involves scanning autoradio- 
grams to determine the proportion of cells with a recom- 
bined insert at a given number of cell generations. When 
there is no selection for recombination, the fraction of 
mutant cells, ~B, is given by the expression, ~a = 1 - 
2 -~n, where a is the mutation rate and n the number of 
cell generations. 
RESULTS 
1. Construction of cell lines carrying the 
polyomavirus replication origin 
We used a spleen necrosis virus-based retroviral vec- 
tor, containing the hygromycin-resistant gene, to intro- 
duce the polyomavirus replication origin into FR3T3 cells. 
The vector pOri-hygro is depicted in Fig. 1D. Colonies of 
hygromycin-resistant cells were isolated and established 
into cell lines and the cellular DNA was analyzed by 
Southern blot hybridization. The number of proviral inte- 
grations was determined in each cell line by cleaving 
the DNA with Bglll, an enzyme cutting outside the insert. 
About half of the cell lines produced a single Bglll frag- 
ment, indicative of a single proviral integration (not 
shown). Four such cell lines, designated 7-2a, 7-8b2, 15- 
6bl, and 7-3bl, were selected for further analysis. To 
assess whether the polyomavirus large T-Ag could pro- 
mote recombination in the insert, the cell lines were each 
transfected with pneo-LT1, the large T-Ag gene (pit) 
linked to neo, and the resulting G418-resistant colonies 
were grown in culture and examined for recombination 
using hygro as a probe. As shown in Fig. 2, re- 
arrangements were observed in the four cell lines. It was 
found previously that expression of a nonselectable gene 
such as pit could be expected in about half of the G418- 
resistant colonies (Bouchard et al., 1986, 1987; St-Onge 
et aL, 1990). According to Fig. 2, over half of the clones 
(16 out of 23) sustained a rearrangement of the insert. 
To see whether there was a correlation between recom- 
bination and T-Ag expression, a total of 14 clones were 
analyzed by immunofiuorescence staining using a poly- 
omavirus anti-T serum. As shown in Fig. 2 for cell lines 
15-6bl and 7-2a, there was a perfect correlation between 
recombination and expression of the transfected pit 
gene. When cell lines 7-2a and 7-8b2 were transfected 
with pSV2neo (neo without pit), none of the 71 clones 
analyzed underwent recombination (Table 1). Two cell 
lines were also established with pHygro, the vector lack- 
ing the polyomavirus replication origin. From a total of 
47 G418-resistant colonies obtained by transfecting neo 
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FIG. 2. Southern blot analysis of p/t transfectants. The four recipient 
cell lines designated 15-6bl, 7-8b2, 7-3bt, and 7-2a were established 
by infecting FR3T3 cells with the p©ri-hygro-derived virus, followed by 
hygrernycin selection. The structure of the integrated provirus is shown 
in Fig. 1D. Cell lines designated LT-1, LT2, LT3, etc., were isolated as 
G418-resistant colonies by transfecting recipient cell lines with pneo- 
LT1, a pIasmid carrying both nee and p/t, the polyoma large T-Ag gene. 
Mock, cells transfected with nee alone; +, transfectants positive for 
large T-Ag by immunofluorescence staining; - ,  transfectants negative 
for large T-Ag. The DNA was cleaved by Bglll, a noncutting enzyme in 
the provirus, hygro sequences (Hindlll Clal fragment from pOri-hygro) 
were used as a probe. 
and pit, only one underwent a rearrangement of the insert 
(Table 1). It is not clear yet whether large T-Ag had any 
role in this rearrangement. Taken together, these results 
show that expression of the polyomavirus large T-Ag in 
cell lines carrying the viral replication origin leads to 
rearrangements of the integrated sequences, and recom- 
bination is so efficient that rearrangements are detected 
in the total cell population without selection for a recom- 
bination product. 
2. Rearrangements of sequences 
Before transfection, recipient cell lines produced differ- 
ent Bg/ll fragments with sizes ranging from 4.5 to 16.5 
kb (Fig. 2, mock). This confirmed that the four cell lines 
were independent and had different proviral integration 
sites in the cellular genome. After transfection of nee 
and p/t, sbme of the clones yielded larger as well as 
shorter fragments. In previous studies, St-Onge et aL 
(1990) analyzed homologous recombination between re- 
peats of polyomavirus DNA and concluded that large 
fragments were produced by successive duplications of 
a discrete sequence in the viral insert. The duplication 
comprised one of the repeats and the intervening se- 
quence, a structure compatible with either unequal sister 
chromatid exchange or slipped-strand mispairing (St- 
Onge and Bastin, 1991). If the large Bg/ll fragments ob- 
served in Fig. 2 were produced by duplication of the 
sequence lying between the retroviral LTRs, the fragment 
sizes should increase by 2.7 kb for each duplication. In 
cell lines 15-6bl and 7-2a, the size increase was compat- 
ible with several duplications of the insert. Other possibil- 
ities such as recombination between adjacent cellular 
sequences (such events are documented below) or dele- 
tion of flanking Bg/ll sites were less likely because of 
the fragment intensities. 
DNA bands at the bottom of autoradiograms of Fig. 2 
could be produced in two possible ways= (i) deletion of 
some sequences flanking the insert, reducing the size 
TABLE 1 
REARRANGEMENT OF INSERT 
Hasmid Coding 
transfected capacity 7-2a 
No. of clones with rearranged insert/No, of clones analyzed 
Recipient cell line 
Ori + Ori 
7~8b2 15-6bl 7-3bl 12-b2 4-a2 
pSV2neo nee 0/36 0/35 
pne0-LT1 nee + p/t 4/5 7/9 
pneo-LTd/97 nee + ptt-d197 0/7 0/9 
pneo-LT13val nee + pit-13val 5/15 9/16 
7/9 7/t0 0/8 1/47 
Note. G418-resistant colonies were picked, transferred into 15-mm Linbro microplates, and then grown as cell lines in 100-mm petri dishes. DNA 
was extracted between 25 and 30 cell generations. 
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FIG. 3. Excision of hygro sequences by homologous recombination. (A) Integrated provirus. The arrows denote the oligonucleotide PCR primers. 
(B) Structure of the excision product containing hygro, the polyomavirus replication origin and one of the SNV LTRs. (C) Sequences of the 
oligonucleotide primers used in PCR. (D) Structure of the insert in ori3 and ori6 cell lines. (E) S'tructure of the excision product. Abbreviations: C, 
C/al; K, Kpnl; rtDNA, repetitive DNA; sa, splice accepter; X, Xbal. 
of Bg/ll fragments containing hygro, or (ii), excision of 
the proviral DNA by homologous recombination. Be- 
cause such excision products retain the replication ori- 
gin, they should be able to replicate in the presence of 
T-Ag even though rat cells are only semipermissive for 
polyomavirus. Replication could also account for the high 
intensity of small DNA fragments (e.g., 15-6b1/LT-2, LT- 
10, LT-11, 7-8b2/LT-13, 7-3b1/LT-1, 7-2a/LT-7, LT-11, LT- 
15) which is indicative of multiple copies of the hygro 
sequence. To confirm the presence of replicating mole- 
cules, a modification of the Hirt procedure (Hirt, 1967) 
was used to separate small-circular DNA from high-mo- 
lecular-weight DNA. When the aforementioned samples 
were subjected to Hirt extraction, they all yielded a small 
circular DNA that migrated mostly as open-circular (form 
II) DNA (not shown). When the DNA was cleaved by Kpnl, 
it migrated as a linear molecule (form Ill) of 2.7 kb, i.e., 
the size expected for an excision product by intrachromo- 
somal recombination between the two LTRs (for simplici- 
ty's sake, the results are illustrated only for two samples 
in Fig. 2). The nature of the circular DNA was further 
confirmed by PCR using oligonucleotide primers in the 
replication origin and in the 3' terminal region of hygro 
(Fig. 3). Amplification of three representative samples 
yielded a single product of 1220 bp that was cloned in 
M 13mpl 8 and sequenced. The structure of the DNA (Fig. 
3B) confirmed that excision occurred by homologous re- 
combination between the two LTRs. 
3. Effect of replication-defective mutants 
To investigate the role of the replicative function f T- 
Ag, we used two mutants inactive in the initiation of viral 
DNA synthesis, dl97, a pit mutant with a deletion of 
amino acids 270 through 280 (Asselin et aL, 1986), was 
inactive in recombination (not shown). By contrast, 13val, 
with a leucine to valine substitution at position 13 (Larose 
eta/., 1991), promoted recombination in the two cell lines 
tested (Table 1). Unlike the wild-type T-Ag, the mutant 
did not produce DNA bands in the low-molecular-weight 
region of autoradiograms (Fig. 4). This was expected 
since excision products could not be amplified by repli- 
cation. 
4. Recombination within cellular DNA 
We wished to see whether homologous recombination 
could occur in the absence of exogenous repeats. To 
this end, we transfected FR3T3 cells with the Kpnl-Clal 
fragment from pOri-hygro, so as to remove the LTR re- 
peats, and we established five independent cell lines 
containing hygro driven by the polyomavirus promoter. 
Because the promoter and origin elements overlap ex- 
tensively, we assumed that hygromycin-resistant cell 
7-2a 7-8b2 
FIG. 4. Southern blot analysis of p/t-13val transfectants. Cell lines 
designated 13val-4, 13val-8, etc., were isolated as G418-resistant colo- 
nies by transfecting 7-2a and 7-8b2 with pneo-LT13val, a plasmid car- 
rying both nee and mutant p/t-13val. Mock, cells transfected with neo 
alone. Other conditions as in Fig. 2. 
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FiG. 5. Southern blot analyses. Cell lines ori3 and ori6 carry the polyomavirus replication origin and hygro without the SNV LTRs. (A) Cell Iines 
designated LT-101, LT-105, etc., were isolated as G418-resistant colonies by transfecting ori3 with pneo-LT1, a plasmid carrying neo and pit. (B) 
H]rt extract of ori3-LTA cells, digested with Xbal (single-cut enzyme), showing the presence of a 3-kb circular product. A putative structure of the 
product is shown in Fig. 3E. (C) LT-16 was isolated as a G418-resistant colony by transfecting ori6 with pneo-LT1. The DNA was digested with 
Xbal. LT-16 (H), Hirt extract. (D) PCR products from ori6-LT16 and ori3-LT129 were labeled by random priming and used to probe rat DNA from 
FR3T3 cells. The DNA was cleaved by Bglll. 
lines contained a functional origin. Southern blot analy- 
ses revealed that two of the cell lines carried a single 
insert, while three had two inserts in different locations 
(not shown). Surprisingly, when the cell lines were re- 
transfected with neo and p/t, they all responded to large 
T-Ag, although less efficiently than those containing the 
LTR repeats. The results obtained with cell line ori3 are 
illustrated in Fig. 5A. The insert sustained amplification 
as well as excision of sequences in 5 out of 10 G418-. 
resistant colonies analyzed. When three of the samples 
were subjected to Hirt extraction, they yielded small but 
detectable amounts of circular DNA molecules in the 
range of 2 to 5 kb. Two of the products are illustrated in 
Fig. 5B and 5C. A possible explanation for the effect of 
large T-Ag is that it promoted intrachromosomal recombi- 
nation between repetitive DNA lying in the vicinity of the 
integrated viral origin. To verify this hypothesis, two DNA 
samples (ori6-LT16 and ori3-LT129) were analyzed by 
PCR using the same strategy as outlined in Fig. 3, except 
that primer 2 was moved 435 nt downstream (nt 181- 
158) when it was found that some sequences at the 5' 
end of ori were lost during integration of the transfected 
DNA. Two PCR products of 1.5 and 3.5 kb, obtained from 
ori6-LT16, and a product of 1.7 kb, obtained from ori3- 
LT129, were labeled by random priming and used as 
probes against rat genomic DNA. As shown in Fig. 5D, 
the probes hybridized extensively to the genomic DNA, 
indicating that they contained highly repetitive DNA. The 
1.7-kb product from ori3-LT129 was cloned and se- 
quenced. A FASTA search of GenBank revealed 93% 
identity with rat line 1 element (Accession No. $43211). 
To provide evidence that the repetitive DNA flanked 
the original site of integration of the origin construct, we 
undertook a restriction enzyme mapping of the locus in 
the ori3 cell line. However, none of the sites analyzed 
(Bglll, BstXI, Xbal, Pstl) could be aligned with the sites 
found in the circular excision product. It is possible that 
some recombination events took place in the origin locus 
before excision, or in the excision product itself during 
replication. This would not be surprising in view of the 
high-frequency rearrangements known to occur in the 
presence of large T-Ag. 
DISCUSSION 
We have used a SNV-based retroviral vector to intro- 
duce the polyomavirus replication origin into rat ceils 
and to analyze recombination events that do not reconsti- 
tute a selectable marker. The advantage of this system 
is that one can generate a large number of cell lines 
containing an intact inserL, the only difference among the 
various cell lines being the integration site in the cellular 
genome. Once the cell lines are established, they are 
transfected with pit and neo, and the resulting G418- 
resistant colonies can be examined for recombination 
using hygro as a probe. We have shown that expression 
of large T-Ag results in high-frequency recombination 
between the two retroviral LTRs in virLually all of the 
colonies analyzed. The insert sustains amplification as 
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well as excision of proviral sequences, i.e., recombina- 
tional events often seen in cells transformed by poly- 
omavirus or SV40 that express a functional T-Ag (Botchan 
etaL, 1979; Miller etaL, 1984; Pellegrini eta/., 1984). 
In somatic mammalian cells, the frequency of gene 
amplification ranges from 10 -4 to 10 -6 (Schimke, 1984) 
and can be increased by various means, including 
agents that affect DNA synthesis or introduce reversible 
damage into DNA (Varshavski et al., 1981; Tlsty et al., 
1984). In our system, recombination is detected without 
selecting for any recombination product and without se- 
lective killing by cytotoxic drugs such as neo (Thomas 
eta/., 1986) or tk (Liskay and Stachelek, 1983). Recombi- 
nation rates can therefore be evaluated on Southern blots 
from total cell populations (Bastin eta/., 1992). On the 
basis of band intensities, recombination rates are of the 
order of 1-2 X 10 -1 per cell generation. 
The mechanism by which large T-Ag promotes homol- 
ogous recombination is still obscure. One particularly 
attractive model invokes local polytenization at the inte- 
grated viral origin to generate an intermediate structure 
resembling an onion skin (Botchan et al., 1978). This 
aberrant structure could represent a favorable substrate 
for homologous recombination leading to amplification 
or excision of the viral genome. A major difficulty with 
this model is that it does not take into account the finding 
that recombination can be promoted by 13val, a mutant 
defective in the initiation of viral DNA synthesis. Even if 
13val had retained some undetectable activity, occa- 
sional firing of the replication origin could not yield sub- 
stantial amounts of recombination products without se- 
lection for recombination. Thus, our results indicate that 
large T-Ag has a recombination-promoting activity that 
can be dissociated from its replicative function. They 
do not support the overreplication model but are more 
consistent with a model of amplification by slipped- 
strand mispairing (St-Onge et al., 1990). 
The nature of the replication defect in both dl97 and 
13val is not yet understood. By analogy with SV40 (Dorn- 
reiter et aL, 1990), it is possible that 13val, while failing 
to interact with DNA-polymerase ~-primase, is still able 
to destabilize the double-stranded DNA at the viral repli- 
cation origin so as to create a favorable substrate for 
homologous recombination. In dl97, the deletion lies 
within a region of the polyoma T antigen (amino acids 
274 to 324) which shares extensive homology with the 
SV40 T antigen (amino acids 120 to 170). In the latter, 
serines 120 and 123 play an important role in viral DNA 
replication (Scheidtmann, 1986; Scheidtmann et aL, 
1984). Phosphorylation of these residues prevents T anti- 
gen from locally unwinding the origin (Cegielska et a/., 
1994). Phosphorylation of threonine 124, on the other 
hand, is required for the origin unwinding activity (Cegiel- 
ska et aL, 1994) and mutation of its potyoma counterpart 
(Thr-278 --* Met) inactivates the ability of T antigen to 
support viral DNA replication (Roberge and Bastin, 1988). 
It is therefore possible that d/97, while being able to 
recognize and to bind specifically to the origin region 
(St-Onge and Bastin, 1993), has lost the ability to unwind 
the DNA. 
Recombination mediated by large T-Ag requires the 
viral replication origin and some homology within the 
integrated sequences. Homology is usually provided by 
complete or partial tandem insertions of viral DNA 
(Botchan etaL, 1978; Miller etaL, 1984; Colantuoni etaL, 
1982). However, recombination can occur very efficiently 
between other sequences such as pBR322 (St-Onge et 
aL, 1993), SNV-LTR repeats, and even cellular DNA, when 
recipient cell lines are established without exogenous 
repeats (this study). The simplest explanation for recom- 
bination within cellular DNA is that it involves repetitive 
DNA lying in the vicinity of the integrated origin. The 
size of excision products detected on Southern blots is 
compatible with recombinational events occurring within 
a few kilobases of the origin. These results have two 
implications. First, they indicate that homologous recom- 
bination promoted by large T-Ag does not require recom- 
bination hot spots in the viral genome other than the 
replication origin. Second, they explain why expression 
of T-Ag in the presence of a functional viral origin can 
be toxic to some cells. Land eta/. (1983) could not study 
the activity of an intact polyoma large T-Ag in primary rat 
embryo fibroblasts because of a toxic effect after gene 
transfer at high multiplicity. Tumors induced by inoculat- 
ing polyomavirus or its DNA into animals invariably con- 
tain deletions or rearrangements in the distal portion of 
the early region (Bouchard eta/., 1984; Israel eta/., 1980), 
as if a selection operates in vivo against cells producing 
a functional T-Ag. For this reason, the viral origin has to 
be inactivated in constructs devised to establish 
transgenic mice (Wang and Bautch, 1991) orto transform 
or immortalize primary cells. Thus, we propose that the 
toxicity exerted by large T-Ag in some cell types is dueto 
its capacity to promote high-frequency intrachromosomal 
recombination in the vicinity of a functional replication 
origin. 
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